tvst

Estimating Phosphene Locations Using Eye Movements of
Suprachoroidal Retinal Prosthesis Users

Samuel A. Titchener'-2, Jeroen Goossens3, Jessica Kvansakul'-2,

David A. X. Nayagam'-#>, Maria Kolic>, Elizabeth K. Baglin®, Lauren N. Ayton>~/,
Carla J. Abbott’'%, Chi D. Luu’'%, Nick Barnes®?, William G. Kentler'®,

Mohit N. Shivdasani'!, Penelope J. Allen®°, and Matthew A. Petoe’-?

! Bionics Institute, East Melbourne, VIC, Australia

2 Medical Bionics Department, University of Melbourne, Melbourne, VIC, Australia

3 Donders Institute for Brain Cognition and Behaviour, Radboudumc, the Netherlands

4 Department of Pathology, University of Melbourne, Victoria, Australia

> Centre for Eye Research Australia, Royal Victorian Eye & Ear Hospital, Melbourne, VIC, Australia

6 Ophthalmology, Department of Surgery, University of Melbourne, Melbourne, VIC, Australia

7 Department of Optometry and Vision Sciences, University of Melbourne, Melbourne, VIC, Australia
8 Data61, CSIRO, Canberra, ACT, Australia

° Research School of Engineering, Australian National University, ACT, Australia

1% Department of Biomedical Engineering, University of Melbourne, Melbourne, VIC, Australia

" Graduate School of Biomedical Engineering, University of New South Wales, Kensington, NSW, Australia

Correspondence: Samuel A. Purpose: Accurate mapping of phosphene locations from visual prostheses is vital to
Titchener, Bionics Institute, 384-388 encode spatial information. This process may involve the subject pointing to evoked
Albert St, East Melbourne 3002, phosphene locations with their finger. Here, we demonstrate phosphene mapping
Australia. for a retinal implant using eye movements and compare it with retinotopic electrode
e-mail: samtitchener111@gmail.com positions and previous results using conventional finger-based mapping.

Received: September 12, 2021 Methods: Three suprachoroidal retinal implant recipients (NCT03406416) indicated
Accepted: February 2, 2023 the spatial position of phosphenes. Electrodes were stimulated individually, and the
Published: March 21, 2023 subjects moved their finger (finger based) or their eyes (gaze based) to the perceived
Keywords: phosphene; visual phosphene location. The distortion of the measured phosphene locations from the
prosthesis; retinal implant; eye expected locations (retinotopic electrode locations) was characterized with Procrustes
movement; gaze analysis.

Citation: Titchener SA, Goossens J, Results: The finger-based phosphene locations were compressed spatially relative
Kvansakul J, Nayagam DAX, Kolic M, to the expected locations all three subjects, but preserved the general retinotopic
Baglin EK, Ayton LN, Abbott CJ, Luu arrangement (scale factors ranged from 0.37 to 0.83). In two subjects, the gaze-based
CD, Barnes N, Kentler WG, Shivdasani phosphene locations were similar to the expected locations (scale factors of 0.72 and
MN, Allen PJ, Petoe MA. Estimating 0.99). For the third subject, there was no apparent relationship between gaze-based
phosphene locations using eye phosphene locations and electrode locations (scale factor of 0.07).

movements of suprachoroidal retinal
prosthesis users. Transl Vis Sci
Technol. 2023;12(3):20,
https://doi.org/10.1167/tvst.12.3.20

Conclusions: Gaze-based phosphene mapping was achievable in two of three tested
retinal prosthesis subjects and their derived phosphene maps correlated well with the
retinotopic electrode layout. A third subject could not produce a coherent gaze-based
phosphene map, but this may have revealed that their phosphenes were indistinct
spatially.

Translational Relevance: Gaze-based phosphene mapping is a viable alternative to
conventional finger-based mapping, but may not be suitable for all subjects.
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Introduction

The past decade has seen increasing interest in
visual prostheses as functional aids for patients with
profound vision loss. To date, two devices have been
commercialized and marketed: the Argus II epireti-
nal implant (Vivani Medical, Inc., Emeryville, CA)!-?
and the Alpha IMS/AMS subretinal implant (Retina
Implant AG. Reutlingen, Germany), although neither
are commercially available any longer.>* Several other
devices are at the clinical trial stage, such as the
Second Generation Suprachoroidal Retinal Implant
(Bionic Vision Technologies, Melbourne, Australia),>¢
the Suprachoroidal Transretinal Stimulation implant
(Nidek, Aichi, Japan),” the Prima subretinal implant
(Pixium Vision, Paris, France),® the NR600 epiretinal
implant (Nano Retina, Herzliya, Israel),” the Corti-
cal visual neuroprosthesis for the blind (CORTIVIS
Project, Spain),!” the Intracortical Visual Prosthe-
sis (ICVP, Illinois Institute of Technology, Chicago,
IL),'! and the Orion cortical visual prosthesis (Vivani
Medical, Inc.).!? These devices deliver electrical stimu-
lation via electrodes implanted in the retina or
visual cortex to elicit localized visual percepts, termed
phosphenes. Coordinated patterns of phosphenes can
be used to convey shapes and images, but this requires
a model to map image coordinates to the perceived
location of each phosphene within the visual field.

In early human experiments involving stimulation
of the visual cortex, it was quickly recognized that
the locations of phosphenes could not be sufficiently
determined simply by the layout of electrodes.!* The
visual cortex contains multiple and differing retino-
topic representations of the visual field, and the
complex topography of sulci and gyri make predict-
ing these maps nontrivial (e.g., requiring magnetic
resonance imaging distortion—correction and corre-
lation to a structure—function model)."* Phosphene
mapping techniques were developed, in which the
subject indicated the relative or absolute location of
phosphenes by pointing, drawing, verbal description,
or marker placement.!>~?° The phosphene maps could
then be integrated into a vision processing algorithm,
enabling more accurate representation of spatial infor-
mation, with particular regard to the size and position
of the prosthetic visual field.

In retinal implants, it is generally assumed that there
is direct correspondence between phosphene locations
and retinotopic electrode locations, because in natural
vision the correspondence between retinal space and
incident light is absolute. For photovoltaic devices, in
which light is detected by photodiodes colocated with
the stimulating electrodes, this assumption is implicit
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in the design, whereas for camera-based devices it
may be incorporated explicitly into the video process-
ing algorithm.?!->> However, a number of practi-
cal considerations may challenge this assumption.
Phosphenes may be perceived as large, elongated, irreg-
ularly shaped, or indistinct owing to current spread,
the geography of the retinal degeneration, and inciden-
tal axonal activation.”?-?* This factor may cause the
center of the phosphene to be offset from the electrode
center and, for phosphenes with a complex shape, it
may even be unclear which part of the phosphene
should be considered the center. Additionally, retinal
remodeling is known to occur in retinal degeneration,?
and it is conceivable that this factor could further
affect the appearance and location of phosphenes. In
our previous work, we have used purposefully scram-
bled phosphene maps to highlight the correspondence
between preserved retinotopy, oculomotor control, and
functional performance.?® To further qualify the extent
of retinal remodeling, and to quantify the size and
position of the prosthetic visual field, it would be
advantageous to map the correspondence between
electrode position and perceived phosphene location in
these same retinal prosthesis recipients.

Phosphene mapping studies using traditional point-
ing methods in retinal implant recipients have gener-
ally reported approximate correspondence between
electrode and phosphene locations, but with some
distortions in the mapping and large variation in
results across subjects. In one study, one intrascle-
ral implant recipient had reasonable retinotopic corre-
spondence, but a second recipient did not.”” In our
first-generation study in three suprachoroidal retinal
implant recipients, the “general retinotopic arrange-
ment was preserved” in two subjects, whereas for the
third subject all phosphenes had the same appearance,
regardless of which electrodes (or electrode combi-
nations) were stimulated.”® Three studies investigat-
ing phosphene locations in Argus II epiretinal implant
recipients have been published. In one, the location of
a single phosphene appeared in the expected quadrant
of the visual field in four of the six subjects.?® In
the second study (in different subjects), the phosphene
locations matched the expected locations based on the
layout of the electrodes, but the distances between
the phosphenes were expanded considerably relative to
the electrode layout.?’ Finally, a feasibility study in a
single subject demonstrated that eye movements may
be used to map the percept location of the implanted
electrodes.’® These studies have identified differ-
ences in the specific retinal disease subtype, level of
disease progression, and retinotopic placement of the
electrodes (eccentricity from fovea) between patients as
potential factors affecting phosphene appearance and
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location.?*-?7-?8 This variability in mapping distortions
calls for simple and intuitive mapping procedures if
video processing algorithms are to correct for them on
a patient-to-patient basis.

It is thought that phosphene maps derived from
pointing, drawing, or marker placement may exagger-
ate the distances between phosphenes owing to open-
loop pointing bias, because blind-folded normal-
sighted subjects tend to overestimate the eccentricity
of peripheral stimuli when pointing in the absence
of visual feedback of the location of their hand.?!
A second potential source of error in finger-based
phosphene mapping is eye position, because eye
position at stimulus onset directly affects the perceived
location of the phosphenes.!®3? Often, eye position
is not monitored during phosphene mapping because
conventional eye tracker calibration techniques are not
suitable for ultra-low-vision subjects. Instead, the effect
of initial eye position is minimized by instructing the
subject to maintain fixation on a tactile marker during
stimulation using their sense of proprioception.??-27-28

Gaze-based phosphene mapping, wherein the
subject moves their eyes instead of their finger to
point to the remembered locations of phosphenes,
requires a calibrated eye tracker, but may offer some
advantages over finger-based phosphene mapping.
First, open-loop pointing bias is eliminated because
the task no longer requires pointing. For example,
a simulated prosthetic vision study found that gaze-
based mapping produced estimates of phosphene
locations that more closely matched the true simulated
phosphene locations compared with conventional
finger-based mapping (Kaskhedikar GP, et al. IOVS
2015;56(7):ARVO E-Abstract 4315; Weinreb S, et al.
IOVS 2020;61(7):ARVO E-Abstract 4274). Second,
the effect of the initial eye position on phosphene
location can be fully accounted for because eye
position is monitored. One possible disadvantage
of gaze-based mapping is that eye movement occur-
ring during presentation of a phosphene will likely
cause movement of the phosphene across the visual
field. Previous reports, strictly comparing eye position
at stimulation onset versus at the time of pointing,
suggest that indicated phosphene locations are more
closely correlated with eye position at stimulation
onset, rather than at the time of response.”’

Gazed-based phosphene mapping has been shown
to be feasible in a study of one Argus II recipient,
with the major findings being that the subject had
sufficient oculomotor control to direct their gaze to
the phosphene location and that the mapped locations
matched the location of the electrodes on the array.*
However, in this study the eye tracker was uncalibrated,
and hence the analyses were limited to the orientation
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of relative movements in the captured pupil image
rather than gaze orientation and magnitude.

In the present study, we demonstrate gaze-based
phosphene mapping in suprachoroidal retinal implant
recipients using a calibration-free stereoscopic eye
tracker.>33° Different from conventional eye trackers,
this system does not require the subject to perform a
calibration routine and is, therefore, suitable for use
with ultra-low-vision subjects. Results collected using
the gaze-based mapping method, as well as a conven-
tional finger-based mapping method, were assessed
for correspondence between the measured phosphene
locations and the expected phosphene locations (based
on retinotopic electrode placement) and related to
previously published visual function outcomes in the
same subjects. In doing so, we demonstrate that
gaze-based mapping yields repeatable measurements
without the risk of open-loop pointing bias.

Participants

Three subjects (S1-S3) enrolled in a clinical trial
(NCT03406416) of a 44-channel suprachoroidal retinal
implant participated in the study. The subjects each
had end-stage retinitis pigmentosa (bare-light percep-
tion only before implantation) and received the implant
in the eye with poorer vision at baseline (SI: left
eye; S2, S3: right eye). Initial switch-on and fitting
began 8 weeks postoperatively, followed by laboratory-
based and at-home training. Participant information
is summarized in Table 1. The study was approved
by the Royal Victorian Eye and Ear Hospital Human
Research and Ethics Committee and was carried out
in accordance with the tenets of the Declaration of
Helsinki with the informed consent of all participants.

Suprachoroidal Retinal Implant

Full details of the implant, surgery, and train-
ing procedures are available in previous publica-
tions.>-6-26-3¢ Briefly, an array consisting of 44 platinum
disc electrodes (1 mm diameter; 1.4 mm pitch) was
implanted in the suprachoroidal space in one eye and
were available for stimulation. The electrode array
was connected via a subcutaneous lead-wire to a pair
of stimulators implanted above the ear, and stimu-
lation commands were transmitted wirelessly to the
stimulators by an external unit. In normal use of
the device, electrode activity is modulated by images
captured by a head-mounted camera. However, in this
study the research software controlled the stimulation
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Table 1. Participant Demographics
S1 S2 S3
Gender Male Male Female
Age at baseline (years) 47 63 66
Eye condition Retinitis pigmentosa Retinitis pigmentosa Retinitis pigmentosa
(rod cone dystrophy) (rod cone dystrophy) (cone rod dystrophy)
Observed nystagmus Mild, constant Mild, intermittent None
Visual acuity Light perception OU Light perception OU Light perception OU
ffERG stimulus light 0.1 0.1 0.001
threshold (cd.s/m?)
Age when legally blind 20 34 41
Years of useful form vision 34 43 56
Primary mobility aid Cane Cane Guide dog
Implanted eye Left Right Right

ffERG, full-field electroretinogram.

Nystagmus was rated on a 4-point scale (none, mild, moderate, severe) and assessed for whether it was constant or inter-
mittent in primary position (looking straight ahead) by an experienced clinician.

sequence delivered to each electrode directly. The
subjects had already undergone a device-fitting process
that identified the electrodes (or shorted pairs of
electrodes, to adhere to maximum per-electrode charge
density limits) that yielded phosphenes, and estab-
lished the operational stimulation parameters for
those electrodes. Figure 1 displays near-infrared
fundus imaging (Heidelberg Spectralis, Heidelberg,
Germany) showing the implant location within the
suprachoroidal space of each subject. Preoperative
imaging is available for comparison in Supplementary
Figure S1.

Phosphene Mapping Tasks

The subjects each performed two phosphene
mapping tasks, which required them to indicate the
perceived location of phosphenes within their visual
field to produce a map of phosphene locations. In
the first task, the subjects pointed with their finger
on an easel to indicate phosphene locations (finger-
based mapping task). In the second task, they used
eye movement to indicate phosphene locations (gaze-
based mapping task). The two tasks were performed
on different dates (up to 44 weeks apart), with an
additional finger-based touchscreen task performed
within the gaze-based session for S1 only (Table 2). A
subset of electrodes, shown in Figure 1 circled in green
(A-F), were selected for use in the tasks with the aim
of sampling locations from as large an extent of visual
field as possible. Circles encompassing two neigh-
boring electrodes indicate that those electrodes were
operated as a shorted pair to adhere to per-electrode

charge density limits. Stimulation pulse trains used
anodic phase-first biphasic constant current pulses,
with 500 ps phase width and 500 ps interphase gap.
The stimulation level, duration, and frequency for
each electrode (or shorted pair) were chosen at the
beginning of each session based on verbal feedback
from the subject so as to produce readily localizable
phosphenes. These settings are summarized in Table 2.

Finger-Based Mapping Task

Data for a finger-based mapping task was obtained
3 to 6 weeks after device switch-on (Table 2). The
subject was seated in front of a large easel at arm’s
length. A tactile marker was fixed to the easel at the
subject’s shoulder height, and the viewing distance
was measured from the subject’s head to the tactile
marker using a laser distance measure (S1: 44 cm;
S2: 44 cm; S3: 48 cm). The subject was instructed to
keep their head still for the duration of the task to
maintain a constant viewing distance. For the purpose
of confirming fixation stability only, eye position
was monitored using an uncalibrated head-mounted
video eye tracker (Arrington Research, Scottsdale,
AZ). Note that this process was different from the
stereoscopic eye tracker system used in the gaze-
based mapping task, which was unavailable for this
experiment. Before each trial, the subject placed the
index fingers of both hands on the tactile marker
and fixated their gaze on their fingers using the
sense of proprioception. Once the subject confirmed
they were maintaining fixation, and this was verified
by the researcher by observing the live eye tracker
signal, stimulation was delivered to a single electrode
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Figure 1. Near-infrared fundus images showing the 44-channel
suprachoroidal retinal implant within the eye for each subject.
The dashed blue line indicates the edge of the implant. Electrodes
are visible as bright circles (some are hidden behind pigmenta-
tion). Concentric red circles indicate 10° eccentricities of visual field
centered on the fovea according to the Drasdo and Fowler schematic
eye.3”:38 Green circles denote the subset of electrodes that were
selected for stimulation in the phosphene mapping tasks. Green
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or shorted electrode pair on a balanced-random
schedule. Immediately after stimulation, the subject
responded by moving the index finger of one hand
across the easel to indicate the location of the center
of the perceived and remembered phosphene while
maintaining fixation on the central tactile marker. The
researcher then marked the indicated location with a
pen. The position of each indicated location relative
to the fixation point (tactile marker) was measured in
millimeters and converted to degrees of visual field
using the previously measured viewing distance.

Subject S1 participated in an additional session of
finger-based mapping, conducted at the same time-
point as the gaze-based mapping (week 25) (Table 2).
The pointed locations were recorded digitally on a
touchscreen monitor instead of on the easel, but the
methodology in this session was otherwise identical to
the first session. Time constraints in the ongoing clini-
cal trial precluded the availability of touchscreen data
for subjects S2 and S3.

Gaze-Based Mapping Task

Data for the gaze-based mapping task were
obtained 25 weeks after device switch-on for subjects
S1 and S2 and 50 weeks after device switch-on for
subject S3. The subject was seated and head fixed
with their chin in a chinrest. Before each trial, the
subject was instructed to fixate centrally, left of center,
or right of center. This strategy ensured a range of
initial eye positions were represented in the data, to
facilitate a comparison of movement of the implanted
and nonimplanted eyes during the task. Trials starting
with leftward and rightward fixation were performed
for three of the six electrodes for S1 and S2, and four
of the six electrodes for S3, but for all electrodes for
trials with central fixation. Once the subject confirmed
they were maintaining fixation, and the researcher
verified this by examining the live eye tracker output,
stimulation was delivered to a single electrode (or
shorted pair of electrodes) on a balanced-random
schedule. After stimulation, the subjects were under
instruction to immediately make an eye movement
to the perceived and remembered location of the
center of the resultant phosphene, report “yes” to the
researcher, and maintain their gaze until told to return
to center fixation shortly thereafter. A calibration-free
stereoscopic video eye tracker was used to monitor
the position of both eyes simultaneously at 300 Hz
throughout the task. The eye tracker system, developed

<—

ovals encompassing two neighboring electrodes indicate they were
operated as a shorted pair to adhere to per-electrode charge density
limits.
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Table 2. Stimulation Parameters for Each Electrode (or Shorted Pair of Electrodes) in the Finger Pointing and Eye

Gaze Phosphene Mapping Tasks

Stimulation Parameters

Time Point Stimulation
Phosphene (Weeks After Current (dB Above Stimulation Frequency
Subject Mapping Task  Electrodes  Switch-On) Threshold) Duration (ms) (pps)
S1 Finger based A-F 5 4 1000 10
Finger based A-F 25 4 500 10
(touchscreen)
Gaze based A-F 25 4 500 10
S2 Finger based A-F 3 3 2000 50
Gaze based A-E 25 4 500 10
F 25 6 500 10
S3 Finger based A-F 6 1 1000 50
Gaze based A-F 50 4 500 50

Stimulation parameters were selected at the start of each session based on verbal feedback from the subject so as to produce

phosphenes that were readily localizable.

at the Donders Institute for Brain Cognition and
Behaviour (Nijmegen, the Netherlands) and previ-
ously described by Barsingerhorn et al.>} was capable
of measuring the orientation of the optical axis
directly with less than 1° accuracy without requir-
ing the subject to perform a calibration routine. Eye
position was reported as the angle of the optical axis
(azimuth and elevation) relative to a fixed vertical plane
in front of the subject. No adjustment to account for
the constant offset between the optical axis and the
true visual axis (often referred to as the angle kappa;
see Barsingerhorn et al.>*) was necessary because the
data analysis (described elsewhere in this article) was
only concerned with relative changes in eye angle, not
the absolute gaze point. The chin rest ensured that the
subject’s head position remained fixed; therefore, any
change in the reported gaze angle could be attributed
to eye movement alone.

Saccades were detected using a velocity threshold
of 20°/s. Saccades with amplitude of smaller than 2°
were discarded. At least one saccade greater than 2°
in amplitude occurred within 2 seconds after stimu-
lus onset in every trial in which the subject reported
seeing a percept. In each trial, the first saccade to
occur after stimulus onset was identified, and the end
point of the saccade was used to estimate the perceived
and remembered phosphene location. Because large
saccades may be followed quickly by a nonvolitional
corrective saccade, the saccade offset was adjusted to
enclose any subsequent saccades that were initiated up
to 130 ms after the offset of the initial saccade.** The
perceived phosphene location relative to the fovea was
then estimated as the eye position at the end point of

the saccade minus the eye position at stimulus onset.
Eye position data were inspected manually for every
trial, and any trials in which the eye position signal
was noisy or contained artefact (e.g., blink artefact)
that interfered with the estimation of the phosphene
location were excluded from further analysis.

Data Analysis

To test the hypothesis that resection of the lateral
rectus muscle during the prosthesis implantation
surgery may have affected the oculomotor mechan-
ics of the implanted eye, the movement of the
implanted and nonimplanted eyes were compared.
For each subject, a linear total least-squares regres-
sion model* was fitted to the change in eye angle
of the implanted eye versus the nonimplanted eye
during the saccadic movements identified in the
gaze-based phosphene mapping task. Separate linear
regression models were calculated for the horizon-
tal and vertical components of the saccades. A
bootstrapping of the regression residuals was used to
estimate regression line confidence intervals without
assuming uniform residuals. A strong correlation
with a gradient of unity would be indicative of
conjugate eye movement, while a weak correlation
or nonunity gradient would indicate disconjugate
movement.

Phosphene maps were produced by averaging the
indicated phosphene locations (measured relative to
the fovea or other preferred fixation locus) for each
electrode. Separate maps were produced for the finger-
based task and the gaze-based task. Electrode locations
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relative to the fovea were measured from infrared
fundus imaging in mm and transformed to degrees of
visual field using the Drasdo and Fowler schematic
eye (Fig. 1). Congruency between the phosphene maps
and the expected locations of phosphenes based on the
electrode layout was quantified by the mean distance
from the estimated phosphene location (behavioral
response) to the expected phosphene location (retino-
topic electrode location). To verify that the initial
eye position did not affect the estimated phosphene
location in gaze-based mapping, the distance for
each subject from the estimated phosphene location
to the expected phosphene location was compared
between trials in which the subject was instructed
to fixate left, right, and center using a nonparamet-
ric Kruskal-Wallis test with initial fixation as the
test factor. The distortion of the phosphene map
relative to the electrode locations was characterized
using Procrustes analysis, which computed the linear
transformation (translation, scaling, and rotation) that,
when applied to the electrode locations, minimized
the mean squared error between the transformed
electrode locations and the phosphene locations. We
confirmed that each Procrustes result was a true obser-
vation using a bootstrap analysis, wherein behav-
ioral responses were repeatedly assigned to a random
permutation of the electrode locations before calcu-
lating the Procrustes transformation again (n =
10,000). Data from trials in which the subject was
unable to differentiate a phosphene against sponta-
neous background activity were excluded from all
analyses.

Attenuated Movement of Implanted Eye

Figure 2 plots the change in gaze angle of the
implanted eye versus the nonimplanted eye during
periods of saccadic eye movement. Each point repre-
sents the eye movement during the saccade made in
response to electrical stimulation in a single trial in
the gaze-based phosphene mapping task. For all three
subjects, the horizontal component of movement was
smaller in the nonimplanted eye than the implanted
eye, indicated by the 95% confidence interval of the
gradient being less than unity (S1: 0.75 + 0.11; S2:
0.64 £+ 0.13; and S3: 0.81 £ 0.04). The vertical compo-
nent of eye movement was similar in both eyes for
S1 (gradient = 1.08 £+ 0.06) and S2 (0.96 £+ 0.07),
but slightly smaller in the nonimplanted eye for S3
(0.91 + 0.04).
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Phosphene Maps

Maps of phosphene locations derived from behav-
ioral responses are compared with the retinotopic
electrode locations in Figure 3. The number of trials
per phosphene included in the dataset is given in
the lower corner of each panel in Figure 3, and for
gaze-based mapping the additional number after the
stroke indicates the total number of trials performed
including those that were discarded owing to artefact
in the eye tracker signal. The total number of trials
varies between subjects owing to time constraints
and subject fatigue, ranging from 7 to 25 trials per
phosphene for gaze-based mapping and 2 to 10 trials
per phosphene for finger-based mapping. The similar-
ity between the indicated phosphene locations and the
electrode locations was quantified for each map by
the mean distance between the estimated phosphene
location (behavioral response) and the retinotopic
electrode location, shown in Figure 4, with smaller
distances indicating that phosphene locations more
closely matched the electrode locations.

For gaze-based mapping, phosphene locations were
derived from the nonimplanted eye movement because
the preceding analyses found that the movement of the
implanted eye was possibly attenuated (Fig. 2). The
mean distance from the estimated phosphene location
to the expected phosphene location was significantly
different between subjects (mean for S1 = 8.15°; S2 =
3.58°; 83 =23.4°; P < 0.001), but there was no effect of
initial eye position (all P > 0.05). The initial horizon-
tal gaze angle was significantly different depending
on the instruction (“look left,” “look right,” or “look
forward”) for all three subjects, confirming that they
were able to make eye movements on instruction
(Table 3).

Table 4 summarizes the results of the Procrustes
analysis, characterizing the distortion (scaling, transla-
tion, and rotation) of the phosphene map relative to the
electrode locations. Scale factors were not significantly
different from the bootstrap distribution for responses
derived from S3’s gaze-based mapping (P > 0.05). For
the remaining data, the bootstrap analyses confirmed
that the reported phosphene locations were directly
related to the physical electrode layout and not from
a random distribution.

For S1, the gaze-based and finger-based phosphene
maps all had a fair correspondence to the electrode
locations (Figs. 3A-D). There was no significant differ-
ence in phosphene-electrode distances between the
gaze-based map and the touchscreen finger-based map
obtained in the same test session (Welch’s analysis
of variance for unequal variances; P = 0.55). All
phosphene maps for S1 were compressed relative to
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Figure 2. Comparison of saccade amplitudes for the implanted eye versus the nonimplanted eye. Each point represents the horizontal
(blue) or vertical (red) change in gaze angle during the saccade made in response to electrode stimulation in a single trial of the gaze-based
mapping task. For horizontal eye movement (blue), positive values indicate rightwards movement. For vertical eye movement (red), positive
values indicate upwards movement. A linear total least-squares regression model was fitted for each dataset (solid lines), followed by a
bootstrapping of the regression residuals. The resulting 95% confidence interval of the gradient is displayed in the top left of each panel.
Gradients of less than one indicate that movement of the implanted eye was attenuated with respect to the nonimplanted eye.

the electrode layout (Table 4). This effect was most
pronounced in the first finger-based phosphene map,
which had a scale factor of 0.37 and was also vertically
translated relative to the electrode locations by 11.7°.
For S2, the gaze-based and finger-based phosphene
locations both corresponded well with the retinotopic
electrode locations (Figs. 3E-G). There was minimal
bias (translation) between the phosphene locations and
electrode locations for any of the phosphene maps
for S2, most notably for the gaze-based map (scale
factor = 0.99; translation < 0.2°) (Table 4). There was
some compression of the phosphene maps relative to
the electrode locations, and this was most prominent

in the finger-based phosphene map (scale factor 0.67)
(Table 4).

For S3, the finger-derived phosphene map resem-
bled a compressed rendering of the electrode layout
(scale factor 0.83) (Table 4) with the exception of
phosphenes E (green) and F (light blue), which
were displaced relative to their associated electrodes
(Fig. 3J). Note that phosphenes E and F were
excluded when computing the optimal linear trans-
formation from electrode locations to phosphene
locations. In gaze-based phosphene mapping for S3, all
eye movements were towards a similar region of the
visual field (Figs. 3H, I). Scale factors near zero for
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Figure 3. Comparison of retinotopic electrode locations to the estimated phosphene locations in the finger-based and gaze-based
phosphene mapping tasks. Colored circles indicate expected phosphene locations, determined by the retinotopic placement of the electrode
according to the Drasdo and Fowler schematic eye.3”38 Crosses with error bars indicate estimated perceived phosphene location relative to
the fovea as measured by the behavioral response (mean = SD). Text in the lower corner of each panel indicates the number of trials included
in the dataset per phosphene, and for gaze-based mapping the number after the stroke indicates the total number of trials performed includ-
ing those discarded owing to artefact in the eye tracker signal. For any given trial of the gaze-based mapping task, data from one or both
eyes were discarded if it contained excessive artefact, resulting in uneven numbers of trials between the nonimplanted (A, E, and H) and
implanted eyes (B, F, and I) in some cases. Note that no data is available for S2 nonimplanted eye for phosphene F (light blue), because the
pupil of the nonimplanted eye fell out of eye-tracker range during large leftwards movements. (C) S1 performed a touchscreen finger-based
mapping task at the same time-point as gaze-based mapping. (D, G, and J) Participants also performed a finger-based mapping task at an

earlier time-point.
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Figure 4. Mean distance (£ SD) from the estimated phosphene
location (behavioral response) to the retinotopic electrode location
for each subject and task. Results from an additional touchscreen
finger-based mapping session (orange) are included for S1.

Table 3. Summary Statistics for the Initial Horizontal
Gaze Angle in the Gaze-Based Mapping Task

Initial Gaze
Angle (°) P Versus
Subject Instruction  Mean SD Forward
S1 Forward 0 2.6
Left —284 7.61 <0.001
Right 7.9 2.36 <0.001
S2 Forward 0 3.04
Left —-114 1.77 0.049
Right 53 4.81 <0.001
S3 Forward 0 5.66
Left —7.55 8.53 0.002
Right 1243 4.58 <0.001

Negative gaze angles represent leftward deviation, and
positive gaze angles represent rightward deviation. All three
subjects successfully complied with the instruction to look
left, right, or forward at the start of each task. P values
are shown for comparisons of left and right versus forward
(Kruskal-Wallis per subject on instruction with exact Dwass—
Steel-Critchlow-Fligner post hoc comparisons).
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the gaze-based phosphene maps were not significantly
different from a random bootstrap distribution (P >
0.05). This indicates that a linear mapping of electrode
locations to phosphene locations was not possible; the
phosphene locations had no correspondence to retino-
topic electrode location, and the optimal Procrustes
solution was to collapse the all electrode locations to
a single point located at the centroid of the phosphene
locations.

Rotational distortion of the measured phosphene
locations relative to the electrode locations was gener-
ally small (<10°), and might be explained by torsional
rotation of the eye. One exception to this is the first
finger-based map for S1 (rotation = —29.4°), but this
rotation was not present in subsequent finger-based
and gaze-based maps for this subject. A large rotational
distortion was also reported for the gaze-based maps
for S3; however, in this case Procrustes analysis failed
to find a linear mapping of electrode locations to
phosphene locations, so this result should be disre-
garded.

Saccade Latency

Histograms of the latency between stimulus onset
and saccade onset in the gaze-based mapping task
are presented in Figure 5. Mean saccade latency (£
standard deviation) was 559 + 145 ms for S1, 421 +
239 ms for S2, and 687 £ 279 ms for S3. On average,
saccades were initiated after stimulus offset (500 ms) for
S1 and S3, but rarely for S2. To investigate any possi-
ble response differences between when eye movements
were made during and after stimulation, we conducted
a Kruskal-Wallis test per subject on response error
with fixed factor saccade latency (before offset, after
offset). There was no effect of latency (all P > 0.05).
The mean errors for the two latency conditions were
S1 =8.21 £4.75°, S2 = 3.68 £+ 1.78°, and S3 = 25.0
4 11.1° for saccades before stimulus offset, and S1 =
8.09 £+ 4.21°, S2 = 3.00 + 0.76°, and S3 = 229 +
11.1° for saccades after stimulus offset (Supplementary
Figure S2).

Gaze-Based Versus Finger-Based Mapping

The present study compared phosphene mapping
using eye movement (gaze-based) with maps derived
from electrode locations in three suprachoroidal retinal
implant recipients. Procrustes analysis was used to
quantify distortion in the measurements, and yielded
a scale and translation factor for two subjects (SI,
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Table4. Characterization of the Distortion of the Phosphene Maps Relative to the Retinotopic Electrode Locations

Using Procrustes Analysis

Translation (° Visual Arc)

Subject Task Scale Factor Horizontal Vertical Rotation (°)
S1 Gaze-based (nonimplanted eye) 0.72" 0.0 44 —55
Gaze-based (implanted eye) 0.57" 0.0 2.5 2.2
Finger-based (early time-point) 037" 0.0 1.7 —29.4
Finger-based (touchscreen) 0.63" 03 438 —-6.0
S2 Gaze-based (nonimplanted eye) 0.99" 0.0 0.2 —-7.3
Gaze-based (implanted eye) 0.87"" 0.0 —-0.2 —22
Finger-based (early time-point) 0.67" 2.0 1.0 —8.8
S3 Gaze-based (nonimplanted eye) 0.07 16.9 10.2 224
Gaze-based (implanted eye) 0.06 15.7 10.0 15.5
Finger-based (early time-point) 0.83" 3.9 57 —-1.7

For each phosphene map, the linear transformation (translation and scaling) of the electrode locations that minimized the
mean squared error between the phosphene and electrode locations was computed. Scale factors were tested for significance
against a bootstrap distribution derived from a random permutation of the electrode locations. For S3 gaze-based mapping,
the nonsignificant scale factor near zero indicates that no linear transform mapping the electrode locations to the measured

phosphene locations was found.
" P < 0.05.
P <0.01.
P <0.001.

S2) that correlated well with the retinotopic electrode
layout. S2 was exceptional with a 0.99 scale factor
and less than 0.2° of translational distortion in the
fitted model. Data for subject S1 were validated further
against a conventional finger-based map collected on
the same date with the same stimulation parameters.
This comparison demonstrated that the gaze-based
method yielded statistically similar location results.
Taken together, these results provide some evidence
that gaze-based mapping could be used in place of
finger-based mapping in retinal implant recipients,
allowing estimation of the size and position of the
prosthetic visual field.

Previous studies comparing gaze-based and finger-
based phosphene mapping have been limited to
simulated prosthetic vision and have directly compared
the behavioral response to a ground-truth location of
the high-contrast, punctate, simulated phosphene
within the simulator display. In these studies, gaze-
based phosphene maps more closely matched the
true phosphene locations compared with finger-
based phosphene maps (Kaskhedikar GP, et al. IOVS
2015;56(7):ARVO E-Abstract 4315; Weinreb S, et
al. IOVS 2020;61(7):ARVO E-Abstract 4274). For
electrically evoked phosphenes, the true location is
more difficult to determine because the phosphene
only exists in the subject’s perception. Instead, we have
compared the behavioral response to retinotopic

electrode locations under the assumption that
retinotopy is observed. In reality, phosphene
locations may diverge from retinotopy owing to
a number of practical considerations. First, the
retinal remodeling associated with degenerative
retinal disease’>> may distort the mapping of retinal
space to perceptual space. Second, phosphenes can be
large, irregularly shaped, indistinct, or consist of multi-
ple bodies, owing to current spread and the geography
of the surviving target neurons. The incidental stimu-
lation of retinal axon fibers also causes phosphenes to
be elongated in the direction of the axon’s trajectory.*
In the present study, all three subjects expressed that
it could be difficult to judge the centroid of some
phosphenes because they had an irregular or indis-
tinct form. Nevertheless, our finding that gaze-based
mapping can produce viable phosphene maps aligns
with previous studies in simulated prosthetic vision.
Finger-based mapping may remain necessary for
subjects who have difficulty with eye movement.
Based on previous simulated prosthetic vision
studies, we had expected gaze-based mapping to
produce more accurate estimates of phosphene
locations compared with finger-based mapping by
eliminating open-loop pointing bias (Kaskhedikar
GP, et al. IOVS 2015;56(7):ARVO E-Abstract 4315;
Weinreb S, et al. IOVS 2020;61(7):ARVO E-Abstract
4274). We also expected gaze-based mapping to be
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Figure 5. Histograms showing the distribution of saccade latency

in the gaze-based phosphene mapping task for each subject, S1
to S3. Saccade latency is measured from stimulus onset to saccade
onset. The mean latency (u) and standard deviation (o) are indicated
at the top-right corner of each panel.

more intuitive to the subject, because suprachoroidal
retinal implant recipients have previously described
their phosphenes as existing “within the eye,” leading
to difficulty conceptualizing them as existing outside
of the eye during drawing and size estimation tasks.”’
In contrast with our expectation, the gaze-based and
finger-based maps obtained in the same session were
substantially similar for subject S1. It is possible that
any difference in accuracy between the two methods
at this time-point was small compared with the uncer-
tainty of phosphene locations. In contrast, the earlier
finger-based map for the same subject (obtained 5
weeks after device switch-on) was compressed and
overlapping. This finding may indicate a requisite
learning process (with respect to the spatial relation-
ship between phosphenes and open-loop pointing) has
occurred between the two time-points.
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Gaze-based mapping may offer lesser task complex-
ity compared with finger-based mapping because
the subject is not required to fixate on a tactile
marker before stimulus onset, and we confirmed that
any initial eye position is acceptable. Moreover, we
confirmed that saccades initiated before stimulus offset
yielded similar phosphene maps to saccades initiated
after stimulus offset. In this study, the researcher
manually triggered each stimulus, but conceivably
stimuli could be triggered automatically or even
controlled by the subject via a button-press. This would
improve efficiency and reduce the need for supervision.
Additionally, the subject could press a button to times-
tamp the end of their eye movement, eliminating the
need for saccade detection.

A significant limitation of our comparison of
gaze-based and finger-based mapping is the inter-
val between data collection using the two methods,
and the differing stimulation levels and durations
used for the two methods; hence, we have only
performed a direct comparison between the same-
session data for subject S1. Changes in stimulation
level and duration are not expected to affect the
genesis of phosphene locations but may affect the
size and shape, and hence the perceived center, of a
phosphene.”® Additionally, the effect of eye position
on phosphene location was not explicitly controlled
in the finger-based mapping task. The subjects were
instructed to maintain fixation on the tactile nub
during finger pointing, as for previous studies,?*?7-?8
but some degree of eye movement is likely to have
occurred, which may have introduced additional varia-
tion to the indicated phosphene locations. We also
did not investigate the use of relative mapping
to refine the results, as demonstrated in previous
studies.'>-?°

The estimated phosphene locations most closely
matched the electrode locations in S2, followed by S1
and then S3. Variations in the fidelity of phosphene
locations to electrode locations for different individ-
uals are consistent with previous reports in retinal
implants, and fidelity may be further decreased for the
paired electrodes used in this study. A study in two
intrascleral implant recipients found that phosphenes
appeared in the expected quadrant of the visual
field, but the topographical correspondence between
actual phosphene and expected phosphene locations
was not always conserved.”’ In our first-generation
study in three suprachoroidal retinal implant recipi-
ents, retinotopy was preserved in two subjects with
some degree of distortion, whereas for the third subject
(who, notably, had a parafoveal array placement) all
phosphenes had the same appearance regardless, of
which electrode was stimulated.”? A study in six Argus
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II recipients reported that the location of a phosphene
appeared in the expected quadrant of the visual field
in four subjects and not for the remaining two. And
finally, a different study in two Argus II recipients
reported that the general arrangement was preserved
but the distances between phosphenes were consid-
erably amplified relative to the retinotopic electrode
locations.”

Phosphene Locations Versus Functional
Vision

Our previous reports for this cohort revealed
a disparity in functional vision outcomes between
subjects. Performance was worse for S3 compared with
S1 and S2 in all screen-based assessments (target local-
ization, motion discrimination, and spatial discrimina-
tion) and in functional vision assessments (modified
door task, tabletop search, and obstacle avoidance).®
In a study on motion discrimination, we concluded
that S3 had little or no retinotopic discrimination and
instead depended on head scanning cues to determine
direction of motion. In contrast, S1 and S2 were able
to use retinotopic cues and could perform the task
without head scanning.”®

The phosphene maps in the present study demon-
strate that phosphenes for S1 and S2 were generally
spatially distinct and appeared in approximately the
expected location. For S3, the finger-based phosphene
locations (6 weeks after switch-on) approximately
matched the expected locations for four out of six
phosphenes, but the gaze-based phosphene locations
(50 weeks after switch-on) did not correspond with the
expected locations at all. finding This could indicate
simply that S3 could not perform the gaze-based
mapping task. Alternatively, the response of the retina
to stimulation may have changed over the 44 weeks
between the two tasks.

From week 43 after surgery onward, S3 began
describing phosphenes as “7-shaped.” This descrip-
tion was given to phosphenes produced by a number
of different electrodes. A “7” shape is approximately
consistent with the layout of electrodes that were
found to reliably produce phosphenes during device
fitting, that is, the shape of the retinal tissue that
was responsive to stimulation. It seems as if the same
population, or overlapping populations, of neurons
may have been stimulated by many different electrodes,
as observed in one subject in our previous clinical
trial of a 24-channel suprachoroidal retinal implant.”}
Unfortunately, no finger-based mapping data are avail-
able for S3 after 6 weeks after switch-on to provide a
definitive answer. However, phosphenes that are largely
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spatially indiscriminable, as suggested by the gaze-
based phosphene map (week 50), is consistent with the
generally poorer functional vision outcomes for S3; in
particular, their apparent lack of retinotopic discrimi-
nation highlighted during motion discrimination.?® In
this case, remapping the vision processing to reflect the
measured phosphene locations would be unlikely to
improve functional vision because the phosphenes are
not distinct spatially.

Before surgery, our vitreoretinal surgeon ranked the
severity of the degeneration as more advanced in S3
compared with S1 and S2. This factor would be consis-
tent with fewer surviving retinal neurons and more
progressed retinal degeneration associated with cone—
rod dystrophy (versus rod—-cone in subjects S1 and
S2) (Table 1).> This finding reinforces the notion that
the integrity of the remodeled inner retina is a key
predictor of spatial discrimination. It is worth stress-
ing that S3 did have positive outcomes; performance
on all functional vision measures (except the spatial
discrimination task) was better with device on versus
off, and activities of daily living were improved with the
device on versus off.>*¢ This outcome demonstrates that
positive outcomes with a retinal prosthesis are possi-
ble even when spatial discrimination of phosphenes is
limited.*!

Postsurgical Oculomotor Behavior

The implanted eye moved relatively less than
the nonimplanted eye during periods of saccadic
movement in all three subjects. Mechanical tugging of
the trans-scleral lead wire,*? resection of lateral rectus
muscle during the implantation surgery,* and fibro-
sis forming around the extraocular section of the lead
wire,** may have damped the oculomotor response of
the implanted eye, resulting in less movement from the
same motor command. In light of this, we consider
the nonimplanted eye movement to be the best repre-
sentation of the intended saccade, and therefore the
most relevant for gaze-based phosphene mapping.
Additionally, if eye trackers are implemented into
retinal prostheses for naturalistic control of gaze,* 4’
they should target the nonimplanted eye, as this would
more closely reflect the intended eye movement.

Latencies of saccades in the gaze-based mapping
task averaged 559 ms for S1, 421 ms for S2, and 687 ms
for S3. A typical range of latencies for normal sighted
adults in a pro-saccade task is 200 to 250 ms,*4°
which is considerably shorter than latencies observed
in this study. Visual factors such as target size and
contrast can influence saccade latency. High saccade
latency may also reflect a latency between stimulation
onset and perception, or the cognitive load involved
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in localizing electrically evoked phosphenes, because
saccade latency increases with cognitive load.>’->!
Other factors may include altered oculomotor behav-
ior associated with profound blindness, and potential
mechanical effects after surgery.

Eye movements affect the perceived locations of
phosphenes, and eye movements that occur during
phosphene presentation cause a corresponding
movement of the phosphene.!®:!%3247 In the gaze-
based mapping task, eye movement often commenced
before stimulus offset (Fig. 5). In these cases, the
phosphene was presumably still visible and moved in
conjugate with the eye movement. Despite this, the
gaze-based phosphene locations for S1 and S2 approx-
imately match the expected phosphene locations and
the finger-based phosphene locations, and we found no
significant difference in phosphene locations derived
from saccades initiated before versus after stimulus
offset. Previous finger-based phosphene mapping
studies have reported that perceived phosphene
locations were predominantly dependent on eye
position at stimulus onset, rather than the eye position
at response time, suggesting that the task required
memorization of the spatial location at stimulation
onset.”’ However, in contrast with the present study,
the Caspi et al. study” did not analyze eye position
during stimulation (only after stimulus offset) and so
provides no information on comparing the effects of
eye position at stimulus onset versus in the middle of
stimulation. Taken as a whole, we found that deviant
eye positions were inherently compensated for in the
gaze-mapping task, whereas they may be considered a
risk of confound in a finger-mapping task.

Conclusions

This study demonstrated a gaze-based phosphene
mapping method in three suprachoroidal retinal
implant recipients and quantified the spatial relation-
ship to the retinotopic layout of the implanted
electrodes. Derived phosphene maps for two subjects
correlated well with the retinotopic electrode layout. A
third subject could not produce a coherent phosphene
map using gaze-based mapping, but it is unclear if this
represents an inability to perform the task or if the
task revealed the phosphenes were spatially indistinct.
A worse correspondence between perceived phosphene
locations and retinotopic electrode locations was linked
with worse functional vision outcomes (reported in
previously published studies).?® We also noted oculo-
motor abnormalities in the implanted eye for all
subjects, predominantly in the horizontal plane, which
may be a result of lateral rectus muscle resection
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during surgery. The results of the present study
provide further evidence that gaze-based systems can
produce verifiable phosphene maps and may be less
affected by behavioral confounds (such as open-loop
pointing bias) observed in conventional finger-based

mapping.
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